Introduction
============

Many biological functions are predominantly controlled by protein--protein interactions, and molecular recognition phenomena are essential to biological systems. These recognition phenomena involve the association of proteins to ligands or substrates. One of the most important molecular recognitions is that performed between lymphocytes and major histocompatibility complex (MHC) class I molecules. Natural killer (NK) cells---one of the lymphocyte classes---detect downregulation of MHC class I molecules by means of specific membrane receptors. A main category of these receptors is the killer cell immunoglobulin-like receptor (KIR) family. These KIR genes have evolved in primates to generate a diverse family of receptors with unique structures that enable them to recognize MHC class I molecules with locus and allele specificity ([@bib31]). Their combinatorial expression creates a repertoire of NK cells that antagonize the spread of pathogens and tumors.

Proteins have evolved, keeping their functions or newly gaining other functions. For example, globins arose very early in evolution and are found in a wide range of organisms. The globins have maintained the ability to interact with each other to enable cooperative oxygen binding, and they show functional flexibility and realize oxygen binding in a number of ways. While vertebrate hemoglobins have evolved, conserving their ability to bind ligands and deliver oxygen molecules bound at the heme sites, many functionally important structural differences were found to exist among vertebrate hemoglobins ([@bib24]). Functional flexibility appears to be a distinctive feature of protein evolution.

A few amino acid substitutions sometimes cause drastic changes to the protein function or to its influence in a system. The severe acute respiratory syndrome (SARS) coronavirus is one of the most well-studied viruses. It was caught in the act of adapting to humans, and the viral spike glycoprotein was identified as a major determinant of the species\' specificity of coronavirus infection. Only four amino acids in the receptor-binding domain differ between the human epidemic and the civet strains, but they cause more than a 1,000-fold difference in the binding affinity to the human angiotensin-converting enzyme 2, a specific receptor glycoprotein on the surface of host cells (Li et al. 2005). Adaptation of a virus to a homologous receptor of a new host species appears to require very few amino acid substitutions at the large receptor-binding interface ([@bib15]).

Measuring the binding affinity of complexes formed between biological molecules is indispensable to monitoring and predicting adaptive evolution in a target population. Particularly in the arms race of the host--parasite system, binding affinity plays a crucial role. [@bib32] developed a likelihood-based index, named sequence-structure fitness (SSF), which quantifies the degree to which a sequence fits in the given structure. The SSF is calculated empirically based on amino acid preferences and pairwise interactions in the structural environment present in templates\' structure. In the present study, we used the SSF to develop an index to measure the binding affinity of protein--protein complexes defined as the log likelihood ratio, contrasting the fitness of the sequences to the structure of the complex and that of the uncomplexed proteins. This index enables us to quantify the binding affinity between proteins. We applied the developed index to systems of complexes between virus proteins containing epitopes (influenza A hemagglutinin \[HA\]) and antibodies of the host immune system.

We followed an evolutionary process of the evasion of HA from antibodies and analyzed the binding ability of the antibodies to HA at each node of the phylogenetic dendrogram of the HA sequence. On the one hand, we found that the binding ability to the HA surface of antibodies whose neutralization abilities are supplied by the indirect mechanism of blocking virus attachment decreased but was never completely lost. On the other hand, antibodies covering the receptor-binding region of HA by direct binding to the receptor binding sites completely lost their binding abilities along the HA evolutionary pathway. We also found that the binding ability of these antibodies to HA started to increase after a couple of years in an impotent stage, and this binding ability was restored to a magnitude comparable to the original, prompting HA to evade them again.

Materials and Methods
=====================

A Likelihood-based Index of the Binding Ability of Protein--Protein Complexes
-----------------------------------------------------------------------------

To trace long-term changes in interactions between proteins, measuring the affinity of the complexes for many sequences along the evolutionary tree is indispensable. High-throughput experiments to directly measure affinity are currently impractical. Therefore, we estimated affinity by using structural information for the templates and information on amino acid preferences and pairwise interactions in the structural environment in the Protein Data Bank (PDB).

The binding ability of the complexes formed between proteins A and B is measured as the inverse of the dissociation constant of the complex:where \[A\], \[B\] and \[A · B\] are the concentrations of proteins A and B and their complexes in equilibrium. To predict the ratio using information from the protein database, we interpret the ratio as reflecting the likelihood ratioThe binding ability can be characterized by the amino acid sequences in the binding region and the structure of the complexes. Hence, the likelihood is explained by the likelihood of the amino acid sequences given the structure:If the structures were stable during evolution of the proteins, it could be thought that the likelihoods *P*(str~A+B~), *P*(str~A~), and *P*(str~B~) were constant. Assuming stability of the structures during evolution of the proteins, we defined the index of the affinity of the complex as the log likelihood ratio of the amino acid sequences in the binding region of the complex to those in the binding region of the uncomplexed proteins ([fig. 1](#fig1){ref-type="fig"}),which would be interpreted as −log*K~d~*.

![*A.* The complex formed between HA and fragment antigen binding (Fab) HC45, and (*B*) the uncomplexed individual proteins. In the analysis, it was considered that the individual uncomplexed proteins are far from each other.](molbiolevolmsm079f01_ht){#fig1}

The sequence distribution of a structure *P*(seq\|str) in [Equation 1](#fd1){ref-type="disp-formula"} expresses the fitness of the amino acids given the structural environment. To predict the protein structure of an amino acid sequence, [@bib27][@bib28]) proposed to maximize:Here, an amino acid sequence and the positions of the C^α^ atoms of amino acid residues are denoted by **A** = (*a*~1~,...,*a~n~*) and **X** = (**x**~1~,...,**x***~n~*), respectively. The first term represents the amino acid preference and the second term is the pairwise interaction given the structure. Expecting that the fitness of an amino acid depends mostly on the local structure surrounding each of the amino acid residues, [@bib27][@bib28]) categorized local environments and calculated amino acid frequencies in the proteins registered in PDB for each of the categories (see below for more detail).

[@bib32] obtained evidence that implies that the structure of the crown region of the HIV V3 loop varies more in the patient where the viral population experienced larger sequence evolution. They traced the value of *P*(seq\|str) based on the information of the sequences and the structure of the templates in PDB. Assuming that the structures of the templates were not affected largely by immune systems, this measure expresses the extent of the structural change after infection indirectly. In the present study, we extended this to estimate the adaptive evolution via the change in affinity of the protein--protein complex by considering the log likelihood ratio ([Equation 1](#fd1){ref-type="disp-formula"}).

A molecular dynamics approach with careful parameter specification may be useful. It is unclear at present how the errors in structural prediction may cause bias in the estimation of the structural variation if structures are predicted sequence by sequence. Our indirect approach has another advantage. By bypassing the step of structural prediction, it is possible to analyze thousands of sequences and trace structural changes or sequence preferences to the structure along evolutional pathways on phylogenetic trees.

In [Equation 2](#fd2){ref-type="disp-formula"}, the SSF was approximated by the first two terms appearing in the expansion formula ([@bib32]). The logarithm of the SSF could be correlated with the free energy of the protein:Here, *k* is the Boltzmann constant and *T* is the temperature. Ignoring the higher correlation between amino acid residues, we obtained the terms for the solvent accessibility and pairwise measures of sequence-structure compatibility. Rather than being the actual energy potential, the specific value of *E/kT* is derived from statistical analysis of a large number of known structures ([@bib17]; [@bib18]; [@bib26]).

The numerator in [Equation 1](#fd1){ref-type="disp-formula"} is decomposed into three terms:Here, *P*~int~ represents the interaction between proteins A and B. Combining [Equations 1](#fd1){ref-type="disp-formula"} and [3](#fd3){ref-type="disp-formula"}, the affinity of the complex is described by three terms. Using the approximation of [Equation 2](#fd2){ref-type="disp-formula"}, the three terms are formulated as follows. The first term is the likelihood ratio of the protein A sequence in the complex to the protein A sequence in uncomplexed proteins:This represents the structural preference of the protein A sequence to the complex compared with the uncomplexed proteins. The second term expresses the interactions between proteins A and B:The third term is the structural preference of the protein B sequence denoted by the likelihood ratio of the protein B sequence in the complex to the protein B sequence in the uncomplexed proteins:We also defined the fitness of a single amino acid residue (FSR) in protein A to the complex by the contribution from the corresponding residue to [Equations 4](#fd4){ref-type="disp-formula"} and [5](#fd5){ref-type="disp-formula"}:

Contributing Residues and Background Residues
---------------------------------------------

The residues in the binding regions are identified as those with structural environments in the complex different from the environments in the uncomplexed proteins. Here, the environment of a residue is defined as the number of C^α^ atoms surrounding the C^α^ atom of the corresponding residue within a distance of 1 nm which expresses the degree of residue burial. We consider the identified residues as the "contributing residues" to make a complex of protein A and B. [Equation 5](#fd5){ref-type="disp-formula"} includes interactions between the contributing residues of protein A and the contributing residues of B. The pairs with distances ≤ 1 nm are included.

The first term on the right-hand side of [Equation 4](#fd4){ref-type="disp-formula"} ([Equation 6](#fd6){ref-type="disp-formula"}) reflects the changes in the residue environment on protein A (B) and is evaluated with contributing residues. To examine the effect of making a complex as accurately as possible, the second term includes not only the interactions between the contributing residues but also the interactions between the contributing residues and the surrounding residues inside the protein, termed the "background residues." Here also, the pairs with distances ≤ 1 nm are included.

Calculation of Amino Acid Preferences and Pairwise Interactions
---------------------------------------------------------------

The amino acid preferences and interactions of the amino acid pairs were measured by empirical frequencies observed in the nonredundant set of protein structures in the PDB ([@bib14]; the latest library is available from <ftp://ftp.embl-heidelberg.de/pub/databases/protein_extras/pdb_select/>). The local environment of a residue is defined as the number of C^α^ atoms surrounding the C^α^ atom of the corresponding residue within a distance of 1 nm as explained above. The spatial distances between the C^α^ atoms of amino acid pairs are categorized into each 1 nm from 0.7 nm to 1 nm ([table 1](#tbl1){ref-type="table"}). For the spatial distance ≤ 0.7 nm we compiled them on one category because amino acid pairs with such small distance were rare. The environment class *E~i~* is defined by the degree of residue burial. The interaction between a residue and its neighborhood in a primary sequence plays a major role in making local conformations such as an α-helix structure. Hence, we treated separately the interactions between residues with small site intervals *j* − *i* ≤ 4 from those with larger site intervals ([@bib32]).

###### 

Categories of Pairwise Distances

                                                                        Categories
  --------------------------------------------------------------------- ---------------------
  Pairwise distance (small interval)[a](#tblfn1){ref-type="table-fn"}   0−7, 7−8, 8−9, 9−10
  Pairwise distance[a](#tblfn1){ref-type="table-fn"}                    0−7, 7−8, 8−9, 9−10

For pairwise distance, each category represents a range of spatial distances 0.1 nm between the C^α^ atoms of the corresponding residues. The category, x--y, corresponds within the range of *x*\<(pairwise distance) ≤*y*.

We empirically calculated the conditional probabilities based on frequencies in the nonredundant set of protein structures in the PDB. To obtain a sufficient sample size for the estimation of amino acid preferences and pairwise interactions, [@bib27][@bib28]) categorized the local environments into a few classes. However, our log likelihood ratio may depend too greatly on the pattern of categorization to reliably estimate the binding ability and its variation. To avoid this problem, we adopted the sliding-window approach to achieve a balance between robust estimation of conditional probabilities and sensitive detection of changes in microstructure. In other words, we estimated the amino acid preference and the pairwise interaction in a local environment using the proportions of the corresponding amino acids or amino acid pairs out of all residues or pairs of residues in a similar environment. More specifically, we estimated a conditional probability given the local environment, *E*~i~ =*n*, from the proportions of amino acids or amino acid pairs within the local environment, *n* − 8 ≤ *E~i~* ≤ *n* + 8. Some examples of amino acid preferences and interactions of the amino acid pairs are given in Supplementary Material online. We also show the details of calculation of the binding affinity of the complex between HA (A/Aichi/68) and fragment antigen binding (Fab) HC45 in the Supplementary Material online.

Validation of the Predicted Binding Ability
-------------------------------------------

First, we examined if the predicted binding ability is consistent with the measured values for the case of the two antibodies to the influenza HA ([@bib11]). We further examined the correlation between our index and the measured value for the complex between tumor endothelial marker (TEM)-1 β-lactamase and its inhibitory protein. The hydrolysis of β-lactam antibiotics by class A β-lactamases is a common cause of bacterial resistance to these agents. The β-lactamase inhibitory protein (BLIP) binds and inhibits several class A β-lactamases, including TEM-1 β-lactamase. To identify the residues on BLIP that contribute to its binding affinity, [@bib35] carried out alanine-scanning mutagenesis and contrasted the binding abilities of 23 mutants and one double mutant with that of the wild type. The X-ray crystallography data for the complex is also available in PDB (PDB code: 1JTG; [@bib21]). Therefore we compared our predicted binding abilities with the measured values ([Table 2](#tbl2){ref-type="table"} in [@bib35]).

###### 

Epitopes on HA and Their Contacting Residues on HC45 Defined in the Two Schemes

  Fab residues[a](#tblfn2){ref-type="table-fn"}(Distance between C^α^s \[0.1nm\])                                                                                                                          HA Residues(antigenic site)   Fab Residues[b](#tblfn3){ref-type="table-fn"}(number of atomic contacts)
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------- --------------------------------------------------------------------------
                                                                                                                                                                                                           48T (C)                       [H53Y]{.ul} ~2~ (2)
  [H53Y]{.ul} ~2~ (8.9), [H54D]{.ul}~2~ (10.0)                                                                                                                                                             49G                           [H53Y]{.ul} ~2~ (2)
  [H31T]{.ul} ~1~ (9.4), [H53Y]{.ul}~2~ (9.3)                                                                                                                                                              50K (C)                       [H53Y]{.ul} ~2~ (4), [H54D]{.ul}~2~ (1)
  [H99T]{.ul} ~3~ (9.1)                                                                                                                                                                                    52C                           
  [H99T]{.ul} ~3~ (7.0), [H100T]{.ul}~3~ (9.9)                                                                                                                                                             53N (C)                       
  [H99T]{.ul} ~3~ (8.4), [H100T]{.ul}~3~ (9.1)                                                                                                                                                             58I                           
  [H99T]{.ul} ~3~ (8.2), [H100T]{.ul}~3~ (7.2), [H100aI]{.ul}~3~ (7.8)                                                                                                                                     59L (E)                       [H100aI]{.ul} ~3~ (1)
  [H99T]{.ul} ~3~ (7.3), [H100T]{.ul}~3~ (5.7), [H100aI]{.ul}~3~ (7.6)                                                                                                                                     60D                           [H32Y]{.ul} ~1~ (5), [H100T]{.ul}~3~ (1)
  [H100T]{.ul} ~3~ (8.3), [H100aI]{.ul}~3~ (9.2)                                                                                                                                                           61G                           
  H27Y (8.4), H28T (9.8), [H31T]{.ul}~1~ (8.9),[H32Y]{.ul}~1~ (9.1), [H96L]{.ul}~3~ (8.8), [H100T]{.ul}~3~ (7.8),[H100aI]{.ul}~3~ (9.3), [H100bI]{.ul}~3~ (9.9)                                            62I (E)                       [H32Y]{.ul} ~1~ (6), H94R (1), [H96L]{.ul}~3~ (1)
  H1Q (9.0), H2V (8.4), H26G (8.4),H27Y (7.0), H28T (9.6)                                                                                                                                                  63D (E)                       H2V (2), H27Y (1), H94R (9)
  [L56S]{.ul} ~2~ (9.6)                                                                                                                                                                                    73D                           
  [L55F]{.ul} ~2~ (9.9), [L56S]{.ul}~2~ (6.3), L57G (6.3),L58V (9.7)                                                                                                                                       74P                           [L56S]{.ul} ~2~ (1)
  [L55F]{.ul} ~2~ (8.5), [L56S]{.ul}~2~ (5.1), L57G (6.8)                                                                                                                                                  75H (E)                       [L56S]{.ul} ~2~ (1)
  [L55F]{.ul} ~2~ (9.6), [L56S]{.ul}~2~ (7.0), L57G (9.5)                                                                                                                                                  76C                           
  [L54R]{.ul} ~2~ (9.2), [L55F]{.ul}~2~ (8.2), [L56S]{.ul}~2~ (6.2),L57G (8.3)                                                                                                                             77D                           
  [H100aI]{.ul} ~3~ (8.0), [H100bI]{.ul}~3~ (8.4), [L53N]{.ul}~2~ (8.4),[L54R]{.ul}~2~ (7.7), [L55F]{.ul}~2~ (6.4), [L56S]{.ul}~2~ (6.0),L57G (9.3)                                                        78V (E)                       [H100aI]{.ul} ~3~ (4), [H100bI]{.ul}~3~ (2), L49Y (4)
  [H100aI]{.ul} ~3~ (8.2), [L56S]{.ul}~2~ (9.6)                                                                                                                                                            79F                           [H100aI]{.ul} ~3~ (2)
  [H100aI]{.ul} ~3~ (9.5)                                                                                                                                                                                  82E (E)                       
  H27Y (8.2), H28T (8.3), [H31T]{.ul}~1~ (8.9)                                                                                                                                                             90R                           [H31T]{.ul} ~1~ (3), [H32Y]{.ul}~1~ (3)
  H27Y (8.1), H28T (8.1)                                                                                                                                                                                   91S (E)                       
  H1Q (9.5), H2V (9.3), H25S (9.4),H26G (6.6), H27Y (5.3), H28T(6.9)                                                                                                                                       92K (E)                       H26G (2), H27Y (2), H28T (2)
  H1Q (9.1), H2V (9.5), H26G (8.1),H27Y (7.1), H28T (9.5)                                                                                                                                                  93A                           
  H1Q (7.2), H2V (9.1), H26G (8.3),H27Y (9.0)                                                                                                                                                              94F (E)                       H1Q (10), H2V (1)
  H1Q (8.6)                                                                                                                                                                                                95S                           
  H1Q (7.6)                                                                                                                                                                                                96N (D)                       
  L57G (8.5)                                                                                                                                                                                               140K (A)                      
  [L56S]{.ul} ~2~ (8.3), L57G (5.4), L58V (8.1),L59P (8.6)                                                                                                                                                 141R                          
  [L56S]{.ul} ~2~ (8.3), L57G (4.7), L58V (6.3),L59P (7.3)                                                                                                                                                 142G (A)                      
  L57G (8.4), L58V (9.2), L59P (9.7),L81E (8.8)                                                                                                                                                            143P (A)                      L81E (1)
  L57G (9.8)                                                                                                                                                                                               144G (A)                      
  [H31T]{.ul} ~1~ (9.2)                                                                                                                                                                                    270S                          
  H27Y (9.0), H28T (6.8), H29L (9.3),H30T (7.8), [H31T]{.ul}~1~ (5.7), [H32Y]{.ul}~1~ (9.3)                                                                                                                271D                          H28T (2), [H31T]{.ul}~1~ (7)
  H28T (9.2), H30T (7.7), [H31T]{.ul}~1~ (5.7),[H32Y]{.ul}~1~ (9.1), [H53Y]{.ul}~2~ (8.9)                                                                                                                  272A                          [H31T]{.ul} ~1~ (1)
  H28T (10.0), H30T (7.2), [H31T]{.ul}~1~ (4.7),[H32Y]{.ul}~1~ (6.6), [H33W]{.ul}~1~ (9.3), [H52D]{.ul}~2~ (9.7), [H52aP]{.ul}~2~ (9.9), [H53Y]{.ul}~2~ (7.8), [H97Q]{.ul}~3~ (9.2),[H99T]{.ul}~3~ (9.1)   273P (C)                      H30T (1), [H53Y]{.ul}~2~ (2)
  [H31T]{.ul} ~1~ (7.9), [H32Y]{.ul}~1~ (8.7), [H97Q]{.ul}~3~ (8.3),[H98I]{.ul}~3~ (9.1), [H99T]{.ul}~3~ (6.3), [H100T]{.ul}~3~ (8.3)                                                                      274I                          [H99T]{.ul} ~3~ (9)
  [H97Q]{.ul} ~3~ (8.4), [H98I]{.ul}~3~ (8.5), [H99T]{.ul}~3~ (6.7),[H100T]{.ul}~3~ (9.9)                                                                                                                  275D (C)                      
  [H97Q]{.ul} ~3~ (9.5), [H98I]{.ul}~3~ (8.1), [H99T]{.ul}~3~ (6.9)                                                                                                                                        276T (C)                      

Residues on HC45 Fab of which the C^α^ atom is within 1 nm from C^α^ atoms of residues on HA. The amino acids are represented by the one-letter code appearing after the residue number, and the chain is indicated by "H" for heavy chain or "L" for light chain. The residues in the complementarity determining regions (CDRs) are underlined, with a subscript indicating the distinction of the CDR.

Residues on fragment antigen binding (Fab) HC45 of which atoms make contact with atoms of residues on HA within 0.4 nm.

Furthermore we analyzed a set of 746 complex structural data and calculated the affinity of contacting chains in those complexes. The PDB codes of the complex data in this set were listed in the nonredundant set of protein structures ([@bib14]). In the nonredundant set, in most cases one chain was chosen for one PDB code. Some were from complex structures. We selected such chains and added the structural data of the remaining chains to make them complete complex data entries.

Application to Complexes Between Influenza HA and Antibodies
------------------------------------------------------------

We applied the developed index to complexes formed between influenza HA and antibodies, because the co-circulation of multiple genetic lineages of influenza A viruses has been well documented ([@bib5]; [@bib29]) and X-ray crystallography data for complexes are available. Influenza viruses continue to evolve and new antigenic variants constantly emerge (antigenic drift) ([@bib33]). In the influenza A viruses of humans and other mammals, antibodies play a role in the selection of mutants ([@bib34]). This enables influenza A viruses to evade the host immune system, decreasing the ability to form antibody--antigen complexes. This causes re-infection of hosts with pre-existing antibodies and allows the influenza virus to persist in human populations. [@bib12] showed that amino acid changes accompanying transmission among humans accumulated in HA and that these changes might be related to antibody pressure ([@bib22]). We measured the affinity of HA protein--antibody complexes and followed-up with affinity changes along a phylogenetic tree of an influenza A virus.

Influenza Hemagglutinin Sequences
---------------------------------

We analyzed the HA protein sequences from 253 influenza A virus isolates from humans isolated from 1968 to 2003. We also included two sequences from swine and three sequences of avian influenza A in the analysis. The overall structure of the H3 HA protein of a duck virus (A/duck/Ukraine/63, PDB data: 1MQL, [@bib13]) is very similar to that of a human (A/Aichi/68). In fact, the root-mean-square deviation, which measures the average spatial distance of corresponding amino acid residues, was only 0.06 nm between avian HA (1MQL) and human HA (1KEN) after structural alignment. The majority of the sequences (248 sequences) were analyzed by [@bib29], and 10 additional sequences were extracted from GenBank™ (Accession numbers: [AF008665](AF008665), [AF008697](AF008697), [AF008711](AF008711), [AF008725](AF008725), [AF008755](AF008755), [AF008769](AF008769), [AF008828](AF008828), [AF008867](AF008867), [AF008886](AF008886), [AF008888](AF008888), [AF008903](AF008903), [AF008905](AF008905), [AF092062](AF092062), [AF131997](AF131997), [AF180570](AF180570), [AF180602](AF180602), [AF180643](AF180643), [AF201842](AF201842), [AF201874](AF201874), [AF201875](AF201875), [AF368444](AF368444), [AF368446](AF368446), [AJ311454](AJ311454), [AY531037](AY531037), [AY660991](AY660991)--[1018](AY661018), [AY661020](AY661020)-[211](AY661211), [D21173](D21173), [D21183](D21183), [D49961](D49961), [J02132](J02132), [K03335](K03335), [M16739](M16739), [U08858](U08858), [V01089](V01089), [Z46405](Z46405), [Z46408](Z46408), [Z46413](Z46413), [Z46414](Z46414), and the sequences from 1KEN and 1MQL in PDB). The amino acid replacements of the contributing and background residues of HA were reconstructed using the maximum parsimony method (PAUP^\*^; Swofford 2003). The tree was searched under topological constraints with the optimality criteria of "parsimony." The tree topology was the maximum-likelihood tree topology (PHYLIP; [@bib8]) of the whole amino acid sequences of hemagglutinin HA1.

Template Structures of Complexes Between Hemagglutinin and Antibody Fragments
-----------------------------------------------------------------------------

Virus entry steps begin with attachment to cell-surface receptors ([@bib7]). The influenza A virus entry protein is the HA glycoprotein, and hence HA is a target of attack by the immune system. Several different neutralization mechanisms have been described ([@bib19]). In general, an antibody binds to the surface of the membrane-distal domain of HA. Knossow and collaborators have determined the structures of complexes formed between the influenza A (H3N2) virus (A/Aichi/68) HA and the monoclonal antibodies HC19 and HC63 (PDB code: 2VIR and 1KEN; [@bib2]; [@bib3]). While bound HC63 Fab extends from HA within the space projected radially from the HA trimer, HC19 Fab binds on the side of the HA trimer ([@bib19]). Both antibodies cover the receptor binding region of HA. [@bib11] described the structures of complexes formed between HA of the influenza A (H3N2) virus (A/Aichi/68) and the antibody fragments of HC45 and BH151 (PDB code: 1QFU and 1EO8). Both HC45 and BH151 Fabs bind not to the receptor-binding region but to a region closer to the membrane. However, their large sizes make these antibodies highly efficient at neutralization ([@bib10]). The complex structural data for HC45 and BH151 suggested that definite flexibility exists in the selection of antibodies that bind to a given epitope ([@bib11]). Although variable domains of antibodies HC45 and BH151 display only 56% sequence identity, they bind to very closely related epitopes on HA with nearly identical dissociation constants.

The mechanisms for neutralizing virus infectivity by these four antibodies represent two particular types: one is by directly covering the receptor-binding region and the other is by indirect blocking, owing to the large size of the antibody. By using X-ray crystallography data for these four antibodies, we were able to compare the two different types of neutralization and analyze the mechanisms of complex formation. We used these four structural data sets of complexes as templates to estimate the binding ability between HA of viruses isolated from 1968 to 2003 and the four antibody fragments. Here, we assumed that the main chain structure of HA has been conserved during the evolution of the influenza virus.

The complementarity determining regions (CDRs) of HC19, HC45, HC63, and BH151 were identified through structural alignment with a Fab (PDB code: 1FDL) whose CDRs were well identified ([@bib25]).

Results
=======

The Case of Two Antibodies to the Influenza HA
----------------------------------------------

The estimated binding abilities of the antibody fragments HC45 and BH151 to the HA glycoprotein of influenza A/Aichi/68 were 3.20 for HC45 and 1.38 for BH151. We cannot compare these values directly to the dissociation constants because we ignored the term that is constant during the evolution of HA but that depends on the conformation of the complex. Nevertheless, we found that the estimated binding abilities were consistently proportionate to the dissociation constants of the complexes (*K~d~* = 3.4 ± 1.5 nM for HC45 and 8.9 ± 2 nM for BH151; [@bib11]).

TEM-1 β-Lactamase and Its Inhibitory Protein
--------------------------------------------

[Figure 2](#fig2){ref-type="fig"} shows the correlation between the predicted binding affinity and the value measured by experiment for the complex between enzyme TEM-1 β-lactamase and its inhibitory protein. It should be noted that the value of experiment depends on the scale (in this case, the scale is nM). Hence, only the relative relations are informative. The data points represent 23 single amino acid mutations and one double amino acid mutation. The structural data (PDB code: 1JTG) included two measurements. Pairs connected by solid lines represent the variation of our binding affinity caused by the variation of structural measurement. The root-mean-square deviations between the two structural data were 0.02 nm for TEM-1 β-lactamase and 0.01 nm for the inhibitory protein. Although the differences between two structural data were small, amino acid mutations on some residues caused non-negligible differences between the calculations with the two structural data. In order to take account of those variables, we performed the regression analysis with weighted least squares to estimate the relation,Here *K~d~* is the dissociation constant measured by the experiment. The best weight should be inversely proportional to the variance of the error term. Therefore we defined the weight as the inverse of squared difference between the two predicted values of the binding affinity. We observed positive correlation (*r* = 0.33). The regression coefficients were α = 2.27(0.04) and β = 0.048(0.020) (the numbers in parentheses are standard errors). The *P* values were obtained as 1.29 × 10^−43^ for α and 0.018 for β. We obtained the positive correlation between the results of our method and the measured values by the experiments.

![The correlation between the calculated affinity and the measured dissociation constant. The results of the analysis with the chains A and B in 1JTG data (solid circles) and those with the chains C and D (open circles) are plotted, and each set of two data points of corresponding mutated inhibitory protein is connected by solid line. The error bars were obtained by the experiments. The bold line represents the result of regression analysis with weighted least squares. The relation \[affinity\] = α + β(−log*K~d~*)was fitted, where *K~d~*is the dissociation constant measured by the experiment. The correlation coefficient was obtained as 0.33 and the regression coefficients were α = 2.27(0.04) and β = 0.048(0.020) (the numbers in parentheses are standard errors). The *P* values were 1.29 × 10 ^−43^ for α and 0.018 for β.](molbiolevolmsm079f02_lw){#fig2}

Binding Ability and the Size of Binding Region
----------------------------------------------

We also evaluated the method by analyzing a set of 746 complex structural data. In [figure 3](#fig3){ref-type="fig"}, the dependence of the calculated affinity on the number of contacting sites (corresponding to sites at which contributing residues as defined in the *Materials and Methods* were located) is shown. The affinity was scaled by the number of contacting sites. Here, the number of contacting sites is a sum of contacting sites for each chain. The complexes between HA and the Fab had contacting sites numbering about 70. The affinity per contacting site increases with the size of the binding region. Therefore the total binding affinity becomes increasingly stronger. By nonlinear regression analysis of the size dependency, we fitted the relation,where *n*~cs~ is the number of contacting sites, and the parameters obtained were *a* = 0.0309(0.0031), *b* = 0.0209(0.0033), and *c* = 0.0222(0.0095) (again, the numbers in parentheses are standard errors). Our method can also evaluate the relationship between the structural environment and the amino acid sequence.

![The dependence of the calculated affinity on the number of contacting sites is shown. The affinity was scaled by the number of contacting sites. The number of contacting sites was categorized (2 to 30, 31 to 60, 61 to 90, 91 to 120, and 121 to 150). The average of the number of contacting sites and the average affinity in each category are shown, with the error bars representing the standard errors. The dashed line represents the result of nonlinear regression analysis. The relation \[affinity\] = *n*~cs~(*a* − *b*exp (−*cn*~cs~))was fitted, where *n*~cs~is the number of contacting sites and the parameters *a*=0.0317(0.0035), *b*=0.0268(0.0074), and *c*=0.0287(0.0190)were obtained (the numbers in parentheses are standard errors).](molbiolevolmsm079f03_lw){#fig3}

Amino Acid Replacements at Residues Contributing to the Interaction Between HA and the Fab
------------------------------------------------------------------------------------------

As shown in the Supplementary Material online, we showed the phylogenetic dendrograms of amino acid replacement at the contributing and background residues of HA for each of the four complexes (figure S1 in the online Supplementary Material). The numbers of sites used for the analysis were 103 for the complex with HC45, 87 for the complex with BH151, 81 for the complex with HC19, and 105 for the complex with HC63. On all the dendrograms, the A/Aichi/68 isolate was on the trunk-branches, although on the phylogenetic tree of HA the A/Aichi/68 isolate was at a tip (figure S1E). Here, the term "trunk-branches" was defined as the set of interior branches leading from the root to the most distal tip ([@bib4]). In the present study, we also borrowed another term, "twig-branches" ([@bib4]), and used that term to identify branches other than trunk-branches.

Affinity of the Antibodies with Binding Regions Away from the Receptor-Binding Sites
------------------------------------------------------------------------------------

We identified 30 contributing residues (see *Materials and Methods*) for the antibody fragments HC45 ([table 2](#tbl2){ref-type="table"}) and 27 residues for BH151 (table S1A in the Supplementary Material online). We also identified the contributing residues of HA: 37 residues for the epitope region of HC45 ([table 2](#tbl2){ref-type="table"}) and 28 residues for the epitope region of BH151 (table S1A). The contributing and background residues are shown in [figure 4A](#fig4){ref-type="fig"} (for the complex between HA and HC45) and figure S2A in the Supplementary Material online (for the complex between HA and BH151). The HA contributing residues (red), the HA background residues (light purple), and the HC45 Fab contributing residues (blue) are shown as balls representing C^α^ atoms. The Fab background residues are not shown. In [figure 4A](#fig4){ref-type="fig"} and in figure S2A online, the receptor binding sites are also shown as yellow balls. In [table 2](#tbl2){ref-type="table"} and table S1A, we listed Fab residues in which atoms contact with atoms of residues in HA within a 0.4 nm distance, and it was found that the contributing residues obviously included such residues.

![(*A*) The contributing and background residues of the complex between HA (green) and HC45 Fab (cyan) are shown as balls representing the C^α^atoms. The contributing residues and the background residues of HA and the contributing residues of Fab are shown as red, light purple, and blue balls, respectively. The receptor-binding sites are also shown as yellow balls. (*B*) The contributing residue at the sixty-second site in HA1 is shown as a red ball, and its partners of pairwise interactions in Fab are shown as orange and blue balls. The orange balls represent the contributing residues in the CDR3H region, and the blue balls correspond to the other residues. (*C*) The contributing and background residues of the complex between HA (green) and HC63 Fab (cyan) are shown as balls representing the C^α^atoms. The contributing and background residues of HA and the contributing residues of Fab are shown as red, light purple, and blue balls, respectively.](molbiolevolmsm079f04_4c){#fig4}

### Binding ability of the antibody fragments.

For the complex between HC45 and HA, the contributions from environmental changes in HA ([Equation 4](#fd4){ref-type="disp-formula"}), that of Fab ([Equation 6](#fd6){ref-type="disp-formula"}), and the contributions from interactions ([Equation 5](#fd5){ref-type="disp-formula"}) were 0.07, 0.94, and 2.19, respectively. For the complex between BH151 and HA, contributions were 0.01, 0.27, and 1.11, respectively. The logarithm of [Equations 4](#fd4){ref-type="disp-formula"} and [6](#fd6){ref-type="disp-formula"} consisted of the sum of the contributions from the contributing and background residues. The signs of these contributions varied from term to term, and these cancellations reflected balance of hydropathy. The results suggest that the contributing residues on HA prefer to be buried and contribute positively to the affinity of the complex between HA and the Fab.

### Evolutionary change in the binding ability and key amino acid replacement.

[Figure 5](#fig5){ref-type="fig"} shows the changes in the binding abilities of the antibody fragments HC45 ([fig. 5A](#fig5){ref-type="fig"}) and BH151 ([fig. 5B](#fig5){ref-type="fig"}) along the trunk-branches of the phylogenetic dendrogram of HA.

![The change of the affinity of the complex between Fab (*A*: HC45, *B*: BH151, *C*: HC19, *D*: HC63) and HA along the trunk-branches on the phylogenetic dendrogram of HA is shown by a solid line. The horizontal axis represents the number of amino acid substitutions of the contributing residues and background residues of HA reconstructed by the maximum-parsimony method. Several changes of the affinity on twig-branches are shown by dotted lines.](molbiolevolmsm079f05_lw){#fig5}

For the complex between HA and antibody HC45, a drastic decrease in the binding ability was observed from the 1970s to the 1980s. This corresponds to branches between A/Amsterdam/1609/77 and A/Rotterdam/577/80 on the phylogenetic dendrogram. After A/Rotterdam/577/80, the binding ability of HC45 to HA decreased gradually. Other drastic decreases of similar magnitude occurred on the twig-branches: between A/Aichi/68 and A/Hong Kong/1/68 and between A/Amsterdam/1609/77 and A/Bilthoven/3895/77. These drastic decreases in affinity were mostly caused by a single amino acid replacement: I62K on HA1. The interaction between the sixty-second site on HA1 and the CDR3H region of the Fab largely decreased its strength. Furthermore lysine (K) is a basic amino acid and does not prefer to be buried. In [figure 4B](#fig4){ref-type="fig"}, the C^α^ atom at the sixty-second site is shown as a red ball. The contributing residues in the CDR3H region of HC45 Fab, contacting the residue at the sixty-second site in HA1, are shown as orange balls, and the other contributing residues of the Fab are shown as blue balls. In fact, on the trunk-branches, the FSR of the sixty-second site in HA1 decreased from logFSR(62I) = 0.80 to logFSR(62K) = −0.56. [@bib29] also found that a single amino acid replacement on the influenza HA could cause significant antigenic changes. On the trunk-branches, it took 3 years for HA to gain such a reduced binding ability for the Fab. However, this occurred on the twig-branches within a year.

In the case of antibody BH151, the binding ability to the A/Aichi/68 isolate was already low in comparison to that of HC45. Along the evolutionary pathway of HA, the binding ability of antibody BH151 decreased gradually. At the branch between A/Amsterdam/1609/77 and A/Rotterdam/577/80, the binding ability did not decrease; it even increased slightly. The substitution of I62K did not significantly affect the binding ability of BH151. Antibody BH151 could neutralize infection by isolate A/Hong Kong/1/68 and A/Aichi/68. [Figure 6A](#fig6){ref-type="fig"} shows the changes in the binding abilities of the two antibody fragments along the trunk-branches of the phylogenetic tree of the full sequence of HA1. Nodes along the trunk-branches of the phylogenetic tree are represented by circles. The binding ability decreasing gradually and remaining a positive value of affinity might suggest that the two antibodies HC45 and BH151 are not a great enough threat to the influenza virus.

![The change in the affinity of the complexes between Fab and HA along the trunk-branches on the phylogenetic tree of the full sequence of HA1 is shown. The horizontal axis represents the number of amino acid substitutions of the full sequence of HA1 reconstructed by the maximum-parsimony method. On each line, the point where the dashed line crosses corresponds to the node connecting with A/Aichi/68. (*A*) The line with solid circles is for HC45 and the line with open circles is for BH151. (*B*) The line with solid circles is for HC63 and the line with open circles is for HC19.](molbiolevolmsm079f06_lw){#fig6}

Affinity of Antibodies Covering the Receptor-Binding Region
-----------------------------------------------------------

We identified the contributing residues of the antibody fragments HC19 (table S1B in the Supplementary Material online) and HC63 (tables S1C and S1D in the Supplementary Material online). The identified HC19 residues comprised 25 residues. The complex between HA and HC63 explained in the PDB structure data (1KEN) consisted of two HC63 Fabs and a HA trimer. Both Fabs binding to the HA trimer contained 35 contributing residues, although a few discrepancies exist. The contributing residues of HA were also identified (tables S1B, S1C, and S1D online). The contributing and background residues are shown in figure S2B in the online Supplementary Material (for the complex between HA and HC19) and [figure 4C](#fig4){ref-type="fig"} (for the complex between HA and HC63).

### Binding ability of the antibody fragments.

The binding abilities of antibody fragments HC19 and HC63 to the HA glycoprotein of influenza A/Aichi/68 were calculated using [Equation 1](#fd1){ref-type="disp-formula"}. The structure data for the complex with HC19 Fab (PDB code: 2VIR) contains a few mutations in the HA1 sequence. Hence, we superimposed the HA sequence of the A/Aichi/68 isolate to the corresponding structure. The results were 2.82 for HC19 and 1.42 for HC63. For the complex between HC19 and HA, the contributions from the environmental change in HA ([Equation 4](#fd4){ref-type="disp-formula"}), that in Fab ([Equation 6](#fd6){ref-type="disp-formula"}), and the contribution from the interaction ([Equation 5](#fd5){ref-type="disp-formula"}) were --1.47, 1.14, and 3.15, respectively. Conversely, for the complex between HC63 and HA, the contributions were --2.78, 0.01 and 4.52, respectively. The structural data for the complex between HA and HC63 (PDB code: 1KEN) contained two sets of Fab. Hence, we obtained an additional contribution (--0.32) from clustering the Fabs. The contributing residues in HA prefer not to be buried and contribute negatively to the affinity of the complex between HA and the Fab. This is a different situation from the complex between HA and the Fab binding at a region distant from the receptor binding sites.

### Evolutionary change in the binding ability and key amino acid replacement.

[Figure 5](#fig5){ref-type="fig"} shows the changes in the binding abilities of the antibody fragments HC19 ([fig. 5C](#fig5){ref-type="fig"}) and HC63 ([fig. 5D](#fig5){ref-type="fig"}) along the trunk-branches of the phylogenetic dendrogram of HA. For the complex between HA and antibody HC19, drastic decreases in binding ability were observed at the branch between A/Bilthoven/5930/74 and A/Bilthoven/2271/76 and at the branch between A/Netherlands/938/92 and A/Finland/247/92. The binding ability to the A/Finland/247/92 isolate was completely lost (the result of [Equation 1](#fd1){ref-type="disp-formula"} was negative). Along these two branches, the binding ability decreased by a different mechanism. At the first branch, the decrease in binding ability was caused by the amino acid replacement G158E in HA1. The interaction between the one hundred fifty-eighth site in HA1 and the CDR2H and CDR3L regions of the Fab largely decreased their strength. Furthermore, glutamic acid (E, acidic amino acid) does not prefer to be buried. As a result, the FSR of the one hundred fifty-eighth site in HA1 decreased from logFSR(158G) = 0.83 to logFSR(158E) = −0.77. By the same mechanism, another drastic decrease occurred on the twig-branch between A/Aichi/68 and A/Memphis/1/71. At the second mentioned branch on the trunk, the decrease in the binding ability was caused by the amino acid replacement S157L in HA1. The interaction between the one hundred fifty-eighth site in HA1 and the CDR1H and CDR2H regions of the Fab largely decreased their strength. In this case, leucine (L, a nonpolar amino acid) prefers to be buried. However, the decrease in the interaction strength was larger than the contribution of the one hundred fifty-eighth site\'s burial preference. The FSR of the one hundred fifty-eighth site in HA1 decreased from logFSR(157S) = 0.65 to logFSR(157L) = −0.49.

In the case of antibody HC63, the binding ability was completely lost over a period of 5 years (from A/Rotterdam/577/80 to A/Wellington/4/85). Along the evolutionary pathway of HA, after complete loss, the binding ability started to increase and against A/Netherlands/179/93 was restored to almost the same strength as against A/Aichi/68. The binding ability then decreased again and was completely lost against A/Netherlands/22/03. This repetitive decrease in the binding ability was not a trivial regression. At the first complete loss of the binding ability in [figure 5D](#fig5){ref-type="fig"}, the complex between the A/Rotterdam/577/80 isolate and the HC63 Fab significantly decreased the affinity between the one hundred thirty-seventh residue and the CDR3H region by the amino acid replacement N137Y when comparing the complex between A/Aichi/68 and HC63. During the regression, the tyrosine (Y) at the one hundred thirty-seventh residue was retained, and the balance of hydropathy on HA increased its contribution to the affinity of the complex (result of [Equation 4](#fd4){ref-type="disp-formula"}). At the second complete loss of binding ability, the dominant contribution to the decrease of the affinity of the complex between A/Netherlands/22/03 and HC63 was from the amino acid replacement G225D in HA1. The affinity between the two hundred twenty-fifth residue and the CDR3H region decreased significantly when comparing the complex between A/Aichi/68 and HC63. At that time, the amino acid at the one hundred thirty-seventh residue was replaced by serine, and the affinity between this residue and the CDR3H region was almost restored.

[Figure 6B](#fig6){ref-type="fig"} shows the changes in the binding abilities of the two antibody fragments along the trunk-branches of the phylogenetic tree of the full sequence of HA1. The circles on the lines represent the nodes on the trunk-branches of the tree. When the binding ability of HC63 was completely lost, the binding ability of HC19 was still preserved. Conversely, when the binding ability of HC19 was completely lost, the binding ability of HC63 was restored.

Discussion
==========

We developed an index to measure the binding affinity of protein--protein complexes and applied it to the investigation of the long-term escape of the influenza virus from the host immune system by tracing the changes of the binding ability between the HA glycoprotein and four monoclonal antibodies. The overview of the global trend enabled us to contrast the affinities with different types of antibodies. By focusing on branches with a significant decline in binding ability, we could detect key amino acid replacements and further investigate the mechanism via conditional probabilities representing the fitness of the amino acids to the structural environment.

Our index of affinity is based on the positions of the C^α^ atoms. Comparing the atomic positions of the backbone atoms of HA in complexes with HC45 and BH151 Fabs ([@bib11]) uncovered no change in the effect of overall HA structure upon complex formation when compared with either the uncomplexed molecule or with HA in the complex with the other Fab. Conversely, few side chains changed their orientation and, hence, local changes occurred in the HA structure. This implies that the organization of hydrogen bonds and the strength of the hydrophobic interaction are the result of the complicated process of protein docking. Because of these changes in microstructure via rotation of side chains, accurately predicting the complex structure from the structure of uncomplexed HA and Fab is difficult ([@bib16]). Therefore, we decided to extract grossly the change in microstructures reflected by the extent of the amino acid preference in the local environment. The change in the ability of rotation of the side chains is expected to be at least partly detected as a change in the log likelihood ratios.

The decline in antibody binding activity is a well-known behavior of H3N2 viruses. However, compared with the two antibodies HC45 and BH151, the monoclonal antibodies HC19 and HC63, which bind to the receptor-binding region and cover the receptor binding sites, have totally different features. Both of these antibodies completely lost their binding ability for a period of time on the evolutionary pathway of HA. After this complete loss of binding ability, antibody HC63 started to increase its ability, and over 10 years, the ability to bind to HA was restored. When the virus was free from antibody HC63, amino acid substitutions accumulated, and they enabled antibody HC63 to again bind to the same epitope region. However, the amino acid substitutions were not simply back mutations of the substitutions causing reduced binding ability. Irreversible sequence evolution appears to have occurred through coordinated or covariational substitutions at different sites that compensated for the effects on the structural characteristics ([@bib23]).

Our findings seem to suggest that influenza HA endeavors to keep some of its structural features, such as its physicochemical characteristics, that do not require the specific single amino acid sequence of HA. This is functional redundancy, and antibodies employ this feature to bind to the HA surface. One of the remarkable properties of binding between proteins is redundancy ([@bib6]), a term for the feature where mutations at several protein-binding sites do not affect the affinity of the complex ([@bib9]). In general, the physicochemical characteristics of protein are known to be evolutionarily conserved ([@bib1]). By functional redundancy of antibodies, different antibodies whose variable domains display low sequence identities can bind to the same epitope region on HA. Hence, it may be true that antibodies do not require specific amino acid sequences of the epitope region on HA. The HA sequence, particularly in the receptor-binding region, changes under the selective pressure of the host immune system. After disarmament of the immune system, the HA protein regresses to the functionally same structural state as the original protein. Then the disarmed antibody can again bind to its epitope on HA, and HA sequence evolution is again under selective pressure. During the antibody\'s period of impotency, the other antibody that bound to the closely related epitope region preserved its ability to bind to the epitopes. This "arms race" is a competition between the virus\'s changing the sequences of the epitope regions at the cost of structural change and the immune system\'s producing sets of functionally redundant antibodies.

The final remark regards future studies. By modifying our index, it may be possible to analyze systems consisting of proteins and other organic molecules. One potential application of this index is the monitoring and prediction of the arms race between natural ligands and inhibitors that are bound by enzymes, where enzyme activity depends on the relative strengths of its binding affinities to the ligand and the inhibitor. Therefore, comparing the two indices will be essential. We hope that the efficiency of our likelihood-based index of binding affinities increases with the growth of structural information.

Supplementary Material
======================
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